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Abstract—Cylindrical vector beams (CVBs) with axial symme-
try in both polarization and field intensity have attracted much
attention because of their unique optical properties. Conventional
methods to obtain CVBs including direct modulation of light beams
in free space and high-order mode excitation by offset splicing
single-mode fiber with few-mode fiber usually works at single wave-
length with rather narrow bandwidth. Here, for the first time to the
best of our knowledge, we demonstrate switchable dual-wavelength
CVB generation from a passively mode-locked fiber laser using
carbon nanotubes as saturable absorber for mode-locking and a
home-made mode-selective coupler as both mode converter and
birefringence filter. In experiments, the mode-locked fiber laser de-
livers CVB pulses of dual-wavelength (1532.5 nm and 1555.5 nm)
and corresponding single wavelength with duration of hundreds of
femtosecond, respectively. Moreover, the output polarization sta-
tus is switchable between radially and azimuthally polarized states.
The mode-locked CVBs with wavelength and polarization flexibil-
ity may have potential applications in mode-division multiplexing
optical fiber communication, nanoparticle manipulation, material
processing, nonlinear optics, and so on.
Index Terms—Dual-wavelength, cylindrical vector beam, mode-
locked fiber lasers, mode-selective coupler, carbon nanotubes.
I. INTRODUCTION
IN RECENT years, with the development of communicationtechnology, the human society has entered an unprecedented
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period of rapid growth of information. With successively using
wavelength-division multiplexing (WDM), polarization multi-
plexing, coherent receiver and multi-order modulation technol-
ogy, for light in fibe all degrees of freedom: frequency, po-
larization, amplitude and phase have been used to increase the
capacity of the transmission system. However, the system ca-
pacity is still approaching the Shannon limit [1]–[3]. In order
to further improve the capacity of the optical fibe transmis-
sion system and solve the bottleneck problem of increasingly
tight bandwidth resource, the mode-division multiplexing tech-
nology based on few-mode or multi-mode fiber has become
an promising scheme [4]. Therefore, it is critical to investigate
fibe lasers with high-order mode emission, especially multi-
wavelength high-order mode generation.
CVB is a kind of non-uniform polarized beam with axial
symmetry on the cross section of electric fiel [5], including
radially polarization, azimuthally polarization and hybrid polar-
ization. Due to its unique characteristics, it has been utilized in
many ways, such as particle capture [6], high-resolution mea-
surement [7], material processing [8] and electronic acceleration
[9]. The intracavity or extracavity involvement of devices with
axial birefringence, dichroism or spatially variant polarization
property [10], [11] to render the necessary mode discrimination
against the fundamental mode, forces the lasers to oscillate in
CVB modes or converts spatially homogeneous polarizations
into spatially inhomogeneous CVB polarizations. However, the
use of bulky devices or complex fabrication process of such
devices seems an obstacle to develop compact and robust CVB
fibe lasers. As few-mode step-index optical fibe can support
both azimuthally polarized TE01 and radially polarized TM01
modes, CVB generation with few-mode fibe based compo-
nents with a function of transverse mode selection is a desirable
scheme [12], [13]. Through lateral offset splicing two-mode
fibe (TMF) with single-mode fibe (SMF) to excite high-order
modes and utilizing a fibe Bragg grating (FBG)written on TMF
to discriminate LP01 and LP11 modes [14], continuous [15]–
[17], Q-switched [18], [19], and mode-locked [20]–[22] CVB
fibe lasers have been implemented. However, due to mode fiel
mismatch, offset splicing inevitably induces excess loss, and the
FBG presents a rather narrow bandwidth for mode conversion.
In terms of fibe -based broadband mode converter,
Witkowska et al. [23] presented two mode converters based
on photonic crystal fiber (PCFs) by controlling hole collapse
in PCF or using the ferrule technique for joining conventional
Fig. 1. The schematic of the MSC.
single-mode fiber to PCFs without splicing, with which mode
conversion with high extinction ratio has been realized. How-
ever, the used fabrication process was relatively complicated.
Based on the combination of a few-mode fibe and a SMF,
Ismaeel et al. [24] demonstrated a MSC with relatively sim-
ple configuratio and fabrication process, which can excite
specifi higher-order modes with high efficien y and purity.
Recently, femtosecond [25] CVB pulse generation from mode-
locked fibe laser based on nonlinear polarization rotation effect
and nanosecond [26] CVB pulse generation from mode-locked
fibe laser based on nonlinear amplifie loop mirror have been
reported based on the MSCs with SMF and TMF. Therefore,
MSC composed of both SMF and few-mode fibe can convert
the fundamental mode in SMF to the higher-order modes in
few-mode fibe with high conversion efficien y and broad con-
version bandwidth. Regarding mode-locking methods, carbon
nanotubes (CNTs) and graphene have emerged as promising
saturable absorbers [27]–[29] with ultrafast recovery time [30],
[31], able to support short pulses [32], [33], and with a number
of favorable properties for laser development, such as broad-
band operation [34], and integration into all-fibe configuration
[35], [36]. However, there are fewworks about multiwavelength
mode-locked CVB fibe laser.
Here, we propose and demonstrate a switchable dual-
wavelength passively mode-locked CVB fibe laser for the firs
time, to the best of our knowledge. Compared with the method
of using FM-FBG to generate CVB, the MSC has a smaller
insertion loss and can work in broader conversion bandwidth.
The CNTs-based saturable absorber is used to mode-lock the
fibe laser, while the MSC converts the fundamental mode to
the high-order mode and facilitates birefringence filtering In
result, the CVB fibe laser can operate and switch at two dif-
ferent wavelengths through adjusting the orientations of the in-
tracavity polarization controller (PC), due to the birefringence
filterin effect introduced by the MSC. Both radially and az-
imuthally polarized beams can be obtained from the fibe laser.
This all-fibe -based CVBpulse laser can provide a cost-effective
multiwavelength CVB source for practical applications.
II. MODE-SELECTIVE COUPLER
The schematic structure diagram of the MSC to generate
LP11 mode is shown in Fig. 1. The working principle of MSC
is coupled-mode mechanism of appeasing the phase-match con-
dition in the fused fibers The MSC was fabricated using weak
fusion technique, in order to maintain the geometry of the two
fiber and ensures accurate modal conversion efficien y. During
Fig. 2. CCD images of the LP11 mode excited in the TMF at different launch-
ing wavelengths.
Fig. 3. The experimental setup of the proposed mode-locked fibe laser with
CVB generation based on CNTs saturable absorber.
the fabrication process of MSC, the SMFwas firstl pre-tapered
to about 79 μm according to our simulations [26], which was re-
quired to meet phase match condition between the LP01 mode
in SMF and the LP11 mode in the TMF. Then the TMF was
carefully aligned with the pre-tapered SMF and fused together
using the modifie flam brushing technique. With tunable laser
source launched into the SMF input, the powers of both SMF
and TMF output ports were monitored simultaneously by power
meter. The two-lobe-shaped intensity patterns at the TMF output
port at different wavelengths were also recorded by a CCD (Cin-
Cam IR), as shown in Fig. 2. The fabricated MSC can convert
LP01 mode efficientl to LP11 mode with a low total insertion
loss of about 0.65 dB.
III. MODE-LOCKED CVB FIBER LASER AND RESULTS
The experimental setup of the proposed mode-locked fibe
laser based on CNTs with CVB generation is shown in Fig. 3.
The oscillator has a ring cavity that consists of a 5.4 m
erbium-doped fibe (EDF) with a dispersion parameter D of
−16 ps/nm/km at 1550 nm and a 15.6 m SMF with a dis-
persion parameter D of 17 ps/nm/km, respectively. The total
cavity length is 21 m and the net dispersion is −0.227 ps2 . A
polarization independent isolator (PI-ISO) is inserted into the
Fig. 4. (a) Optical spectrum, (b) oscilloscope trace, (c) autocorrelation trace,
and (d) RF spectrum of single-wavelength mode-locking state at 1532.5 nm
(The inset of Fig. 4(c) is the measured FROG trace, and the inset of Fig. 4(d) is
RF spectrum with span range of 1 GHz).
cavity to ensure that light travels unidirectionally in the cav-
ity. The PC1 is used to adjust the polarization state of light in
the cavity. The MSC is incorporated into the cavity as a mode
converter. Through adjusting the orientations of the extracav-
ity PC2, both radially and azimuthally polarized beams can be
obtained from the output2 of the MSC. There is no doubt that
the PC2 has no influenc on the light in the laser cavity, be-
cause PC2 is mounted outside the laser cavity. The fibe laser
is pumped by the 980 nm laser diode with the maximum pump
power of 700 mw through a 980/1550 nm wavelength division
multiplexing coupler (WDM). The output1 is the 10% port of an
optical coupler (OC). The mode-locking mechanism is the sat-
urable absorption of CNTs which is sandwiched between two
fibe connectors. The insertion loss and modulation depth of
CNTs saturable absorber are around 1.8 dB and 17%, respec-
tively. The saturable intensity of the CNT-SA is 15.5 MW/cm2 .
An optical spectrum analyzer (Yokogawa AQ-6370D), a com-
mercial frequency-resolved optical gating (Frog SCAN ultra), a
radio-frequency analyzer (FSV30), and a digital storage oscillo-
scope (LeCroy SDA 6000A) with an electro-photonic detector
are used to monitor the laser output1 simultaneously. The CVB
is recorded by the CCD camera (CinCam IR) from the output2
of the MSC.
When the pump power is above the mode-locking threshold
value, mode-locking can be easily established. Moreover, de-
pending on the orientation of PC1, various output states: switch-
able single wavelength and dual-wavelength mode-locking can
be obtained.
A. Single-Wavelength Mode-Locking State
Through adjusting the PC1, mode-locking operation with
central wavelength of 1532.5 nm, as shown in Fig. 4(a), can
readily be obtained with output power of around 0.6 mW with
the pump power of about 75 mW. The 3-dB spectral width is
5 nm. The evident Kelly sidebands due to the intracavity peri-
odical perturbations are the typical feature of the conventional
solitons formed in fibe lasers with anomalous dispersion. The
corresponding pulse train is shown in Fig. 4(b), with 103.5 ns al-
ternation between two adjacent pulses. The corresponding pulse
repetition rate is around 9.6 MHz, which is just the fundamental
frequency. A commercial FROG is used to measure the pulse
duration at the output1 port. Since the FROG has low sensitivity
and requires relatively high input power of about 10 mW, the
output pulses have to be amplifie firs before measuring the
pulse duration using the FROG. Then the amplifie pulses are
compressed by using proper fibe . Themeasured autocorrelation
trace is illustrated in Fig. 4(c). The inset of Fig. 4(c) is the mea-
sured FROG trace. The pulse duration is about 591.7 fs and the
time-bandwidth product (TBP) is 0.32, which indicates the con-
ventional solitons from the fibe laserwith anomalous dispersion
are almost transform-limited, and the amplificatio has negligi-
ble influenc on pulse duration. Fig. 4(d) shows theRF spectrum.
A signal-to-noise ratio 51 dB is exhibited. The fundamental rep-
etition rate is 9.653434 MHz, which is in agreement with the
calculated value with cavity length. The inset of Fig. 4(d) is the
RF spectrum without spectral modulation in wide span range
(up to 1 GHz), highlighting the low-amplitude fluctuatio of
the laser and indicating good stability of the single-wavelength
mode locking at center wavelength of 1532.5 nm.
According to the phase-matching conditions, the wavelength
separation Δλ between the two first-orde sidebands for the
solition is expressed by [37], [38]
Δλ =
λ2
πcτ0
√
4πτ 20
|β2 | − 1. (1)
Where λ is the center wavelength of 1532.5 nm, τ0 is the
pulse width, β2 is the group-velocity dispersion parameter, and
then the Δλ is calculated as 18 nm. The calculated result well
agrees with the experimental result.
Keeping the pump power unchanged and adjusting the PC1,
we found that the central wavelength of the optical spectrum can
be shifted from 1532.5 nm to 1555.5 nm, as shown in Fig. 5.
The pulse train has also a period of 103.5 ns, as expected from
the cavity length. The measured pulse duration is about 508.3 fs.
The TBP is also close to the transform-limited value, indicating
the output pulse is also chirp free. The fundamental repetition
rate is 9.653268MHz fromRF spectrum shown in Fig. 5(d). The
wavelength separationΔλ between the two first-orde sidebands
is about 21 nm at current case.
B. Dual-Wavelength Mode-Locking State
By furthermore adjusting the polarization of the PC1 under
the same pump power, the dual-wavelength mode-locking state
can be obtained. The optical spectrum is shown in the Fig. 6,
and the central wavelengths are 1532.2 nm and 1555.7 nm,
respectively. The pulse train has a period of 103.5 ns between
the two adjacent pulses in Fig. 7, which is also in agreement
with the fundamental repetition rate. In principle, two pulses
Fig. 5. (a) Optical spectrum, (b) oscilloscope trace, (c) autocorrelation trace,
and (d) RF spectrum of single-wavelength mode-locking state at 1555.5 nm
(The inset of Fig. 5(c) is the measured FROG trace, and the inset of Fig. 5(d) is
RF spectrum with span range of 1 GHz).
Fig. 6. Optical spectrum of dual-wavelength mode-locking state.
with spectral separation of Δλ propagating through a segment
of fibe with length of L and dispersion parameter of D, usually
results in a group-velocity delay. In current case, the calculated
delay is in the order of several picoseconds, which is beyond the
detectability of our oscilloscope and photodetector with limited
bandwidth (both have 1 GHz bandwidth). Therefore, from the
pulse train of dual-wavelength mode-locking, there is only one
observed in the oscilloscope. It has been validated that the mode
locking really exists at each wavelength of the dual-wavelength
mode-locked pulse after filterin one wavelength with a tunable
filte .
In order to explore the mechanism of dual-wavelength gen-
eration, the MSC was removed from the current laser cavity.
Under the condition of maintaining the mode-locked state, no
matter how to change the orientations of the PC1, the fibe laser
only operates at singlewavelength. A typical optical spectrum of
mode-locked pulse from the fibe laser with the MSC removed
is shown in Fig. 8. It is indicated that the MSC play an im-
portant role for dual-wavelength generation. We reckoned that
Fig. 7. The pulse train of dual-wavelength mode-locking state.
Fig. 8. Optical spectrum of mode-locked pulse from the fibe laser when the
MSC was removed.
the dual-wavelength generation mechanism may be the com-
bined result of wavelength-dependent gain distribution of the
laser and induced birefringence [39], [40] by the MSC owing
to its asymmetrical tapering [41]. Wavelength-dependent in-
tracavity loss has been utilized to implement dual-wavelength
generation [42]. The inherent wavelength-dependent gain in a
laser can also account for dual-wavelength generation. In con-
sideration of amplifie spontaneous emission (ASE) at 1532 nm
wavelength band and running wavelength of the laser with the
MSC at 1555 nm wavelength band, it is reasonable to assume
that the laser has relatively larger gain at these two wavelength
bands. If the induced birefringence effect by the MSC leads to
wavelength selection with a wavelength spacing of ∼23 nm,
dual-wavelength operation would become reality.
C. Intensity Distribution of CVBs
When the mode-locked fibe laser operates at the different
wavelengths, intensity distributions from Output2 have been
monitored with CCD camera, for verifying that the CVB can
always be generated. After the PC1 in the laser cavity was care-
fully adjusted to ensure the mode-locking operation and obtain
pulsed CVBs, different vector modes with radial and azimuthal
polarization states could be reached by controlling the orienta-
tions of PC2 to eliminate the degeneracy of the second-order
mode from the TMF. The doughnut-shaped intensity profile
of both radially and azimuthally polarized beams have been
recorded by CCD camera, as shown in Fig. 9(a) and (f). To
discriminate radially and azimuthally polarized beams, a linear
Fig. 9. Intensity distributions of TM01 (a) and TE01 (f) modes and corre-
sponding evolution with rotation of the linear polarizer.
polarizer which can be rotated in a circle, was inserted between
the collimator and the CCD camera. The results with arrow in-
dicating the transmission direction of the polarizer are showed
in Figs. 9(b)-(e) and (g)-(j), respectively. Two-lobe-shaped in-
tensity patterns are in the same direction as the linear polarizer
in Figs. 9(b)-(e), indicating that the generated beam was radi-
ally polarized. Contrarily, the directions of the two-lobe-shaped
intensity patterns are always perpendicular to the orientation of
the polarizer in Figs. 9(g)-(j), which indicates the output laser
beam is azimuthally polarized. The purity of both radially and
azimuthally polarized beams is estimated to be about 97% by
tight bend approach [15].
It is noted that switchable dual-wavelength CVBs under the
operation state of conventional soliton have been obtained in our
current fibe laser with net anomalous dispersion. We believe
that switchable dual-wavelength CVBs under other operation
states, such as stretched pulse, dissipative soliton could also
be obtained when the dispersion of the fibe laser is managed
appropriately [43]–[45].
IV. CONCLUSION
In summary, for the firs time a dual-wavelength passively
mode-locked cylindrical vector beam fibe laser based on CNTs
saturable absorber for mode-locking and MSC for broad mode
conversion. Owing to the birefringence filterin effect intro-
duced by the MSC, the CVB fibe laser can operate and switch
at two different wavelengths. Moreover, both radially and az-
imuthally polarized beams can be obtained from the fibe laser.
In experiments, themode-locked fibe laser delivers CVB pulses
of dual-wavelength (1532.5 nm and 1555.5 nm) and corre-
sponding single wavelength with duration of hundreds of the
femtosecond, respectively. This all-fibe -based CVB pulse laser
with both wavelength and polarization fl xibility can provide
a cost-effective CVB source for practical applications includ-
ing mode-division multiplexing optical fibe communication,
nanoparticle manipulation, material processing, nonlinear op-
tics, etc.
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